Introduction {#s001}
============

T[raumatic brain injury]{.smallcaps} (TBI) impacts 10 million persons annually and is not only a global health problem but also a serious socioeconomic burden.^[@B1]^ Within the United States, TBI has become a major public and medical issue that affects an estimated 1.7 million persons with a cost of more than \$76.5 billion to the US medical care system alone.^[@B2]^ TBI has a high morbidity, and no specific pharmaceutical-based treatments are available.^[@B3],[@B4]^ Notably, mild TBI (mTBI), defined as a Glasgow Coma Scale (GCS) score of 13--15, constitutes 75--90% of all TBI survivors.^[@B5]^

Many patients with mTBI undergo a broad spectrum of neurological deficits. Frequently, there are profound functional deficits, such as headaches, dizziness, fatigue, irritability, memory problems, difficulty in concentration, depression, and anxiety, which may last from a few days up to few years.^[@B2],[@B6]^ Further, mTBI-related cognitive impairments may significantly influence the quality of life, even after recovery from physical disabilities.^[@B9]^ These cognitive deficits may last over a prolonged period, leading to permanent neurocognitive dysfunction^[@B6]^ and may increase the risk for other neurodegenerative disorders, particularly dementia-related syndromes (e.g., Alzheimer disease \[AD\]).^[@B14]^

Previous studies have demonstrated that mTBI induces cognitive deficits in hippocampal-dependent learning and memory.^[@B9],[@B15],[@B16]^ Although the underlying mechanisms for these effects are unclear, the possible pathophysiological processes may involve cerebral ischemia/reperfusion, elevated levels of excitatory neurotransmitters, oxidative stress, and neuroinflammation. These processes could contribute to further neuronal degeneration, a disruption of synaptic connections and altered synaptic physiology.^[@B17]^

In our previous studies, we identified a TBI-associated biomarker, severity-dependent bone marrow tyrosine kinase gene in chromosome X (BMX), which is a nonreceptor protein-tyrosine kinase in the Tec family.^[@B22]^ BMX, also known as epithelial and endothelial tyrosine kinase (Etk), induces chronic inflammation via cytokine-mediated recruitment after ischemia.^[@B23]^

Among other potential TBI markers that are currently under investigation are glial fibrillary acidic protein (GFAP) and amyloid-β precursor protein (APP). GFAP, an intermediate filament protein, has a dual role that involves acute inflammation and chronic astrogliosis in glial scar formation after TBI.^[@B26]^ After TBI, GFAP is a well-characterized marker of activated astrocytes and reactive gliosis presence, with the potential to predict morbidity, mortality, and severity grading.^[@B27]^ This is of relevance, because previous studies have indicated that reactive astrocytes are implicated in the progression of AD,^[@B31],[@B32]^ are sources of APP generation, and are both induced by and lead to amyloid-β (Aβ) plaque deposition.^[@B33],[@B34]^

The accumulation of APP after TBI is a well described marker of axonal injury,^[@B35],[@B36]^ which can lead to elevated Aβ production.^[@B37]^ In addition to neuronal loss, a hallmark of axonal injury, APP accumulation not only correlates with injury severity and post-TBI outcome,^[@B38],[@B39]^ but also to impaired synaptic plasticity, and contributes to mTBI-related cognitive dysfunction when there is no overtly detectable cell loss.^[@B14],[@B26],[@B40]^

The selected measures of our studies therefore have relevance to two of the prime concerns of persons with mTBI: persistent cognitive dysfunction and the increasing risk of neurodegeneration.^[@B7],[@B41],[@B42]^ Currently, there are no available effective approved drugs to either control symptom progression after mTBI or offset pathways that ultimately lead to later neurodegenerative disorders.

Previous research has demonstrated that treatment with glucagon-like peptide-1 (GLP-1), an endogenous incretin, and long acting GLP-1 analogs provide neurotrophic and neuroprotective actions in many acute and chronic neurodegenerative models through GLP-1 receptor activation within the brain.^[@B43]^ Notably, GLP-1 receptor agonists have demonstrated favorable activity in cellular and animal models of mTBI.^[@B44]^

Glucose-dependent insulinotropic polypeptide (GIP) is a further incretin that, like GLP-1, stimulates glucose-dependent insulin secretion, increases insulin biosynthesis, and improves β-cell proliferation and survival via its cognate receptor.^[@B47]^ Hence, combined with GLP-1, GIP has been proposed as a treatment strategy for type 2 diabetes mellitus.^[@B48],[@B49]^ Notably, GIP, similar to GLP-1 and agonists, appears to enter the brain, promotes synaptic plasticity via its reversal of hippocampal long-term potentiation (LTP) impairments,^[@B50]^ and has neuroprotective and neurotrophic properties,^[@B51]^ suggesting potential for halting or reversing neurodegenerative disorders.

In the current study, we used a number of novel experimental approaches to elucidate the impact of GIP on mTBI-induced behavioral deficits in an *in vivo* mTBI rat model. We then identified the possible regulatory mechanisms of GIP-related neuroprotection after mTBI.

Methods {#s002}
=======

Animal handling and preparation {#s003}
-------------------------------

Adult male Sprague-Dawley (SD) rats (250 to 300 g) were obtained from the National Laboratory Animal Center, Taipei, Taiwan, or from Taconic (Germantown, NY) for use in studies performed within Taipei Medical University and the Intramural Research Program of the National Institute on Aging, respectively. Rats were provided food and water *ad libitum* and were maintained on a 12 h light/dark cycle in a temperature- and humidity-controlled animal center at both medical institutions.

All experimental protocols were performed in accordance with either (1) the Guidelines for Animal Experiments of Taipei Medical University and the Guiding Principles for the Care and Use of Laboratory Animals approved by the Chinese Society of Laboratory Animal Sciences, Taiwan (LAC-100-0221), or (2) the Animal Care and Use Committee of the Intramural Research Program, National Institute on Aging (438-TGB-2016), and were in compliance with the guidelines for animal experimentation of the National Research Council (Committee for the Update of the Guide for the Care and Use of Laboratory Animals, 2011) and the National Institutes of Health (DHEW publication 85-23, revised, 1995). A minimal number of rats were used for each study, and all efforts were made to minimize potential suffering.

Treatment groups {#s004}
----------------

Modified surgical procedures were based on previously described methods.^[@B52]^ Anesthetized SD rats (tiletamine/zolazepam \[10 mg/kg\], and xylazine \[2 mg/kg\]) were placed in a stereotaxic frame. A craniotomy (5 mm in diameter) was performed in the right parietal cortex between bregma and lambda, 1 mm lateral from the midline. A mild grade TBI model was induced by a controlled cortical impact (CCI) device with a velocity of 2.5 m/sec at 1 mm depth. Body temperature was maintained at 37°C ± 1°C with a heating pad during surgery and afterward.

Human GIP or saline vehicle was delivered by a subcutaneous ALZET micro-osmotic pump that was implanted aseptically under anesthesia 2 days pre-injury. This delivered GIP over the course of 2 weeks at a rate of 21.58 or 38.85 μg/kg/day. There were three experimental groups, which included (1) mTBI animals saline-treated, (2) mTBI animals treated with the lower dose of GIP (21.58 μg/kg/day), and (3) mTBI animals treated with the higher dose of GIP (38.85 μg/kg/day).

Behavioral assessments {#s005}
----------------------

Several behavioral tests were chosen to identify the sensorimotor and cognitive impairments in our rat mTBI model. For cognition, long-term spatial memory was assessed by the Morris water maze (MWM), whereas recognition memory was evaluated by novel object recognition (NOR). The beam walking test and the adhesive removal test were used to evaluate sensorimotor functions in the rats with mTBI.

### MWM {#s006}

The MWM paradigm was used to evaluate long-term spatial memory.^[@B53]^ Animals were trained to find a hidden platform in a circular aluminum pool (150 cm in diameter and 75 cm deep) that was surrounded by visual cues placed at the same starting point over 5 consecutive days before mCCI. All animals were monitored by a video camera. Data were calculated by a computerized video tracking system. To test whether the function of visual acuity and muscle strength were affected after CCI, these tests were also conducted with visual water task.^[@B54]^

### NOR {#s007}

Recognition memory was evaluated using NOR, which is a task that uses a rat\'s innate preference to investigate a novel object versus an already known one.^[@B55]^ First, rats were habituated to an open field Plexiglas arena (59 × 59 × 40 cm) for 10 min. After habituation, rats were allowed to explore two identical objects for 5 min during the familiarization phase. After a 1 h intertrial interval, rats were returned to the arena and allowed to explore the familiar object (F), as well as a novel object (N). A preference index (i.e., the time spent exploring the novel object over the familiar one) was calculated as a percentage as follows: % = (\[Time ~N~ - Time ~F~\]/\[Time ~N~ + Time ~F\]~) × 100, where F and N represent the time spent near the familiar and novel objects, respectively.

### Beam walking test {#s008}

Motor coordination was evaluated by the beam walking test.^[@B56]^ Animals were trained before surgery to walk along a Plexiglas beam (120 cm long, 1.5 cm wide) toward a home cage located at one end of the beam. The latency to walk across the beam during five test trials after mTBI was calculated as a measure of motor coordination

### Adhesive removal test {#s009}

Sensorimotor function was evaluated by adhesive removal test.^[@B57]^ Rats were familiarized with the testing environment. Small dot-shaped stickers were placed on the contralateral forepaw. The time to remove the small adhesive stickers was recorded for the contralateral forelimb.

Biochemical analyses {#s010}
--------------------

### Western blot {#s011}

Animals were quickly anesthetized with sodium pentobarbitone intraperitoneally (60 mg/kg, Apoteksbolaget, Sweden) and then decapitated. The brain was removed, and cortical tissue was cut approximately 5 mm from the mCCI lesion epicenter and flash frozen in liquid nitrogen. Cortical samples were subsequently homogenized in a lysis buffer consisting of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, 0.1% SDS, and 1% mammalian protease inhibitor. The lysate was incubated on ice for 30 min and then centrifuged at 132,000 ×*g* for 5 min at 4°C. The supernatant was collected and the protein concentration was determined by BCA kit (Pierce, Rockford, IL).

For Western blot analysis, protein samples (30 μg) were resolved using a 10% polyacrylamide gel and then transferred to a nitrocellulose membrane. The membranes were incubated in a blocking buffer (5% nonfat dry milk/1% Tween 20 in TBS) for 1 h at room temperature. The membranes were then probed with specific primary antibodies (anti- β-actin, 1:2000, Chemicon; anti-GFAP, 1:1000, Chemicon; anti-BMX, 1:1000, BD Biosciences; anti-APP, 1:1000, Novus) overnight at 4°C. After a series of TBST washes, the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (anti-rabbit or anti-mouse) for 1 h at room temperature. β-actin was used as a loading control.

Protein bands were then detected by enhanced chemiluminescence (ECL) Western blot detection reagents (Millipore). The immunoblots were quantified by UVP (Biospectrum Imaging System).

### Immunofluorescence {#s012}

Animals were perfused through the ascending aorta with 100 mL of cold physiologic saline, followed by 100 mL of ice-cold 4% w/v paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS). The brain was removed and post-fixed in the same fixative for 3 days followed by a series of incubations in 10%, 15%, and 30% sucrose. Sections were cut at a thickness of 30 μm, placed on slides, and stored at −20°C.

For immunostaining, the sections were washed several times with PBS and then incubated in a blocking buffer of 0.3% Triton X-100 and 4% normal goat serum for 1 h at room temperature. The sections were subsequently incubated with a mouse anti-GFAP antibody (reconstituted in PBS and 2% goat serum) at 4°C for 14--16 h, and then rinsed with PBS. Thereafter, they were incubated with an Alexa Fluor 555 fluorescent antibody for 1 h at room temperature. After several PBS washes, sections were mounted with Crystal Mount and analyzed by a Leica microscope. Controls consisted of omission of the primary antibody.

### GIP plasma assay {#s013}

Plasma concentrations of GIP were quantified in a parallel series of SD rats similarly implanted with a subcutaneous 2 week ALZET micro-osmotic pump containing either vehicle or the high dose GIP dose (38.85 μg/kg/day, *n* = 5/group). Animals were euthanized at 7 days, and blood was taken by cardiac puncture and immediately placed into iced heparinized tubes containing an excess of DPP4 inhibitor. These were directly centrifuged (10,000 × G at 4°C), the plasma removed and immediately frozen to −80°C. Samples were later thawed on wet ice and analyzed for human active GIP (1--42) by solid phase sandwich enzyme-linked immunosorbent assay (Immuno-Biological Laboratories (IBL)-America, Minneapolis, MN).

Experimental design summary and statistical analyses {#s014}
----------------------------------------------------

In our mTBI rat model, we investigated the effects of human GIP on behavioral impairments and mTBI-related cellular mechanisms ([Fig. 1](#f1){ref-type="fig"}). Behavioral assessments and biochemical analyses were used to evaluate the therapeutic effects of GIP at multiple time points post-mTBI. Rats were initially pre-trained in each behavioral assay for at least 2 days to generate baseline data. Animals were then categorized into three groups: saline, and low or high dose of GIP.

![Schematic diagram of behavioral assessments and biochemical analyses forrats with mild traumatic brain injury (mTBI) treated with vehicle or glucose-dependent insulinotropic polypeptide (GIP). GIP and sham treatments were delivered by implanted micro-osmotic pumps for 2 weeks implanted 2 days before injury. Behavioral tests included the beam walking test, the adhesive removal test, and the Morris water maze, which were performed on day 1, 4, 7, and every week after mTBI injury to evaluate a time course of the treatment effects. Biochemical evaluations were performed on days 1, 7, and 14 post-TBI lesion to identify any neuroprotective effects after GIP treatment.](fig-1){#f1}

Two days before mTBI injury, mTBI rats were treated with 21.58 or 38.85 μg/kg/day GIP over the course of 2 consecutive weeks delivered subcutaneously under steady-state conditions via an aseptically implanted mini pump. For functional outcomes, cognition and motor function were assessed on the fourth day post-injury, then at weekly intervals up to 4 weeks post-injury (i.e., 7, 14, 21, 28 days post-injury) using the same test conditions.

Further, to examine the possible regulatory mechanisms underlying GIP\'s neuroprotective effects after mTBI, we used Western blots and immunofluorescence to evaluate astrocytic activation, inflammatory responses, and axonal injury. Brains were collected at 1, 7, and 14 days post-injury for biochemical analyses.

Data were analyzed using SPSS (version 11.0) and are expressed as mean ± standard error of the mean values. The effects of GIP on mTBI were evaluated by a two-way repeated measures analysis of variance (ANOVARM), with "group" as a between-subjects factor and "time" as a within-subject factor. For the long-term effects on locomotion and behavioral scores, a repeated measures analysis of variance (ANOVA) assessed several time points ("pre- and post-injury intervention") as the within-subjects factor and "treatment" (saline, low and high doses of GIP) as the between-subjects factor. Paired *t* tests were performed on the follow-up data. *Post hoc* Fisher least significant difference tests were used to compare between groups, as required. Effects were considered to be significant if *p* \< 0.05.

Results {#s015}
=======

GIP improves cognitive dysfunction after mTBI {#s016}
---------------------------------------------

### MWM {#s017}

Rats were trained for 5 consecutive days before mTBI. Subsequently, long-term spatial memory was evaluated each week in the MWM until 1 month post-injury. The visual water tests showed that the latencies (*p* = 0.529) and swim speed (*p* = 0.172) were not different between groups, indicating that the visual acuity and muscle strength were not influenced by CCI and, importantly, are not confounding factors in the interpretation of other measures, such as that of cognitive function.

[Figure 2](#f2){ref-type="fig"} illustrates the subjects\' path distance and average latency to find the hidden platform. These latencies were recorded during a 120 sec trial. In the event that an animal failed to reach the platform within the 120 sec trial, the latency was recorded as 120 sec. For latency to the hidden platform, an ANOVARM revealed a significant effect of group (*F*\[2, 21\] = 8.483, *p* = 0.002) and time (*F*\[4, 84\] = 5.741, *p* \< 0.001), but not a group x time interaction (*F*\[8, 84\] = 1.500, *p* = 0.170).

![The effect of GIP on long-term memory, evaluated by the Morris water maze (MWM) over 4 weeks. (**A**) Example tracking paths to find the hidden platform. (**B**) Average latency to find the hidden platform. All data are presented as mean ± SEM. Compared with vehicle treated-animals, those administered a low dose of GIP did not differ, whereas a high dose of GIP did. \*\**p* \< 0.01 versus vehicle, \**p* \< 0.05 versus vehicle. There were no significant differences between groups in the swimming time to a visible platform.](fig-2){#f2}

Specifically, mTBI rats administered saline exhibited a spatial memory deficit, because they had significantly longer latencies 1 week post-injury compared with their pre-injury latency (*p* = 0.003). mTBI rats that received the higher dose of GIP treatment had significantly decreased latencies 1 month post-injury when compared with the saline group (post 1-week: *p* = 0.003, post 2-weeks: *p* = 0.050, post 3-weeks: *p* = 0.023, and post 4-weeks: *p* = 0.030), suggesting that this high dose of GIP had beneficial effects on mTBI. There was little effect of the lower dose of GIP, showing dose dependency of GIP efficacy.

### NOR {#s018}

To evaluate recognition memory, the cumulative time spent with a familiar and a novel object was analyzed in mTBI rats in the NOR paradigm ([Fig. 3A](#f3){ref-type="fig"}). An index of visual reference memory was calculated as the percent time spent exploring the novel object ([Fig. 3B](#f3){ref-type="fig"}) and as a preference index ([Fig. 3C](#f3){ref-type="fig"}) 1 week post-injury. mTBI rats treated with saline spent 58.15% ± 2.33 of their time exploring the novel object, with a preference index of 0.16 ± 0.05. In a group comparison (*F*\[2, 26\] = 3.978, *p* = 0.032), only rats receiving the higher dose of GIP had an elevated novelty preference, with a novel object exploration time of 68.06 sec ±2.11 and a novelty preference index of 0.36 ± 0.04, which was significantly greater than saline-treated TBI rats (*p* \< 0.01).

![The effect of glucose-dependent insulinotropic polypeptide (GIP) on short-term memory was evaluated by the novel object recognition task 8 days post-injury. (**A**) The tracking path for the exploration of the familiar objects. (**B**) The ratio of novel object exploration and (**C**) the preference index were compared between vehicle and GIP treatment groups. \*\**p* \< 0.01 versus the vehicle group. TBI, traumatic brain injury.](fig-3){#f3}

The effect of GIP on sensorimotor function after mTBI {#s019}
-----------------------------------------------------

### Adhesive removal test {#s020}

The sensory pathways in rats, as in man, are organized such that the contralateral rather than ipsilateral limbs are mostly dependent on cortical function. The removal for the adhesives did not differ before mTBI injury (*p* = 0.477). Therefore, mTBI injury induced sensorimotor deficits ([Fig. 4A](#f4){ref-type="fig"}). The adhesive removal time in the saline group (*F*\[6, 36\] = 2.492, *p* = 0.040) was different between the early stage (*p* = 0.023), at 1 day post-injury, and the late stage (*p* = 0.041), showing some spontaneous recovery at 1 month post-injury after mTBI.

![The effect of glucose-dependent insulinotropic polypeptide (GIP) on sensory function and gross fine motor coordination were evaluated by the adhesive removal test (**A**: contralateral limb) and the beam walking test (**B**) in a temporal analysis. All data are presented as mean ± standard error of the mean. Compared with vehicle, only the high dose of GIP had a significant difference. \*\**p* \< 0.01 versus vehicle, \**p* \< 0.05 versus vehicle. TBI, traumatic brain injury.](fig-4){#f4}

Removal times, however, were still significantly longer than pre-TBI values ([Fig. 4A](#f4){ref-type="fig"}). The low dose of GIP treatment had no significant effect on removal time in the forelimbs compared with saline. In contrast, forelimbs in animals treated with the higher dose of GIP (*F*\[1.472, 10.305\] = 1.200) showed removal times not significantly different from pre-TBI values ([Fig. 4A](#f4){ref-type="fig"}) (*p* = 0.325).

### Beam walking test {#s021}

The beam-walking test was used to assess the effects of GIP treatment on balance and fine motor coordination after mTBI ([Fig. 4B](#f4){ref-type="fig"}). An ANOVARM revealed a significant effect of treatment (*F*\[1, 12\] = 8.269, *p* = 0.014) and time (*F*\[1.291, 15.495\] = 6.1559, *p* \< 0.001) but not a treatment × time interaction (*F*\[1.291, 15.495\] = 3.099, *p* = 0.090).

In a further analysis of the main effect of time, the saline group showed a significant time effect (saline: *F*\[6, 30\] = 3.690, *p* = 0.007; high dose of GIP: *F*\[1.077, 7.537\] = 1.683, *p* = 0.149). A more detailed analysis using a two independent samples *t* test revealed that there were no differences before mTBI injury (saline: 4.138 sec ±0.284; high dose of GIP: 3.750 sec ±0.225); however, significant differences between the saline and high GIP groups were evident on day 1 (*t* = 0.010), day 4 (*t* = 0.014), and week 2 (*t* = 0.028) after mTBI challenge.

Plasma GIP levels {#s022}
-----------------

Subcutaneous steady-state GIP administration of 38.85 μg/kg/day (achieved by ALZET minipump) provided a plasma concentration of 58.6 ± 11.8 pmol/L GIP versus endogenous levels of 26.4 ± 2.1 pmol/L GIP in control animals administered vehicle. This represents a 2.2-fold elevation (*p* \< 0.05) achieved by the subcutaneous administration of GIP.

Biochemical analysis {#s023}
--------------------

The mechanisms underlying GIP treatment in our mTBI animal model were evaluated by Western blot and immunofluorescence. A Western blot analysis of mTBI ipsilateral cortex lysate revealed an elevation in TBI biomarkers (BMX, GFAP, and APP) 1 day post-injury in mTBI challenged animals administered saline, compared with those given high dose GIP ([Fig. 5 A--D](#f5){ref-type="fig"}). This elevation in biomarkers was maintained 14 days post-mTBI and, similarly, was mitigated by GIP.

![The high dose of GIP reduced mTBI-induced increased expression of bone marrow kinase in chromosome X (BMX, also known as Etk), glial fibrillary acidic protein (GFAP), and amyloid-β precursor protein (APP). TBI, traumatic brain injury.](fig-5){#f5}

As evaluated in [Figure 6](#f6){ref-type="fig"}, GFAP was largely localized to the mTBI impacted hemisphere, as evidenced by an increased GFAP fluorescence near the injury site ([Fig. 6](#f6){ref-type="fig"}). In contrast, TBI-induced gliosis of GFAP immunoactivity was substantially mitigated in the high dose GIP treatment group.

![Seven days after mTBI, the high dose of glucose-dependent insulinotropic polypeptide (GIP) reduced mild traumatic brain injury (mTBI)-induced increases in glial fibrillary acidic protein (GFAP) expression within the cortex, as evaluated by immunofluorescence in 30 μm thick sections with a specific antibody to GFAP (middle images, x40 magnification; left and right images are a higher magnification of the contralateral and ipsilateral hemispheres, x400).](fig-6){#f6}

Discussion {#s024}
==========

In the present study, we report on the efficacy of GIP, an incretin similar to GLP-1, to mitigate mTBI-induced behavioral deficits. Previous studies of a GLP-1 receptor agonist have demonstrated potential neuroprotective, neurotrophic, and antihyperglycemic effects to mitigate TBI-induced morbidity across TBI animal models at doses of translational relevance to humans.^[@B44]^ In this regard, exendin-4 (Ex-4), a GLP-1 receptor agonist resistant to hydrolysis by dipeptidyl peptidase-4 (DPP-4), has neuroprotective effects that occur independently of glycemic control, and works by increasing cyclic adenosine monophosphate (cAMP) levels and decreasing oxidative stress and inflammation.^[@B58]^ The therapeutic effect of Ex-4 was mediated by GLP-1 receptor (GLP-1R) activation, because it can be blocked by the selective GLP-1R antagonist Exendin (9--39) and was ineffective in GLP-1R knockout mice.^[@B60],[@B61]^

GIP, like GLP-1, has a short half-life (approximately 7.3 min^[@B62]^) but has received less attention as a therapeutic strategy because the β-cell response to GIP may be reduced or markedly attenuated in persons with type 2 diabetes.^[@B63]^ The enhanced antihyperglycemic and insulinotropic efficacy of dual agonists that combine GIP and GLP-1 actions, relative to selective GLP-1 agonists, however, has reignited interest in the role of GIP and its targeting as a treatment strategy.^[@B64]^

In relation to TBI, recent studies have demonstrated that Ex-4 as well as liraglutide administration were well tolerated, ameliorated TBI-induced behavioral deficits and neuronal loss,^[@B46],[@B65]^ and this effect appears associated with a low risk of hypoglycemia.^[@B68]^ Because these studies are in accord with earlier GLP-1R agonists mitigating mTBI impairments,^[@B45]^ the potential neuroprotective effect of GIP deserved evaluation for mTBI treatment.

GIP and its receptor have been implicated in neurogenesis,^[@B69]^,synaptic plasticity, behavioral improvements, such as cognition,^[@B70]^ sensory and motor physiological function,^[@B74]^ and axonal regeneration after sciatic nerve injury.^[@B75]^ GIP has also been purported to be involved in neurological diseases, including epilepsy, Parkinson disease, and Alzheimer disease.^[@B71],[@B76],[@B77]^ To validate the beneficial neurological actions of GIP on mTBI, we evaluated the use of GIP as a therapeutic agent in a mTBI rat model using mild CCI and showed significant effects of GIP on sensorimotor function and balance as well as hippocampus-dependent learning and memory.

Specifically, we found that mTBI-related spatial memory loss and recognition memory impairments were ameliorated by GIP treatment over time. In the MWM paradigm, the vehicle-treated group reached a plateau in their performance after 3--4 weeks. In contrast, high dose GIP-treated animals were much less affected by the mTBI lesion. In addition, in the vehicle-treated mTBI group, the latency to find the hidden platform within the MWM was maintained over time, whereas the mTBI animal group receiving the higher GIP dose time-dependently improved.

Our study supports the observations of increases in neuroplasticity after GIP intervention^[@B71]^ and that GIP treatment might be useful to reduce deficits after TBI. The lack of any differences in latency and swim speed between vehicle and GIP-treated mTBI groups to reach a visual platform within the MWM indicates that potential confounds in motor performance did not underlie the GIP induced improvement in cognitive measures. Further, mitigation in mTBI induced cognitive impairment was cross-validated within the NOR paradigm---an activity, unlike swimming, that is not so dependent on motor function.

In our appraisal of the longer term effects of GIP, we additionally evaluated its time-dependent actions on motor and sensory functions in rats with mTBI. Our results show that transient sensorimotor disturbances after mTBI were reduced after GIP treatment, particularly in the adhesive removal test ([Fig. 4A](#f4){ref-type="fig"}) that requires dexterity, indicating that early GIP intervention can suppress these motor impairments.

In contrast, the time-dependent return of beam walking ability of mTBI vehicle mice at 1 week and after---subsequent to earlier impairment ([Fig. 4B](#f4){ref-type="fig"})---reiterates that potential motor deficits were not a confounding factor in the cognitive paradigms that were studied 1 week onward after mTBI. Together, these data add to a growing literature using basic and clinical research on the efficacy of incretins in early mTBI treatment to facilitate any spontaneous recovery and also provide further consideration about dosage required for potential neuroprotective treatment, particularly whether or not they are within the clinical realm.

In this regard, previous studies have shown that the GLP-1 agonist Ex-4 can increase and mediate cAMP *in vitro* as well as reduce TBI-related cognitive impairments in rodents at an *in vivo* dose of 21.1 μg/kg/day.^[@B61],[@B65],[@B78]^ This same dose proved effective in mitigating Alzheimer disease and ALS in animal models,^[@B79],[@B80]^ and translates to approximately a third of the routine clinical dose of Ex-4 (Exenatide LAR) used in type 2 diabetes mellitus after normalization between species based on body surface area.

Because the successful mitigation of peripheral neuropathy in rats has been achieved by a subcutaneous steady-state administration of a GLP-1 dose of 20.7 μg/kg/day, and in light of the similar short half-lives of GLP-1 and GIP, we evaluated two doses of GIP (21.58 and 38.85 μg/kg/day) likewise administered under steady-state conditions (achieved by subcutaneous ALZET pump) to establish a GIP dose-response for its neuroprotective effects in our current study. Our results demonstrate that the mTBI-related deficits in cognition and sensorimotor function can be mitigated with the higher dose that achieved a plasma concentration of 58.6 ± 11.8 pmol/L, which elevated endogenous GIP levels in the rat by 2.2-fold. This concentration is readily achievable in humans.^[@B81]^

Alternative potential options to augment the effects of GIP are to lengthen its half-life. In this regard, the generation of DPP-4 resistant GIP analogues holds the potential to overcome the peptide\'s rapid N-terminal cleavage and inactivation, although GIP renal clearance is reported to additionally limit the peptide\'s activity.^[@B82]^ A number of modified analogs of GIP have been generated that demonstrate dramatic resistance to DPP-4.^[@B83]^ Several of these exhibit enhanced activity at the GIP receptor in cellular studies and display prolonged antihyperglycemic and insulin-releasing activities when administered to animal models of type 2 diabetes mellitus. Such agents are experimental, however, and hence are not currently available for translational studies in humans with TBI.

A further alternative is to augment endogenous GIP levels by use of a DPP-4 inhibitor, which has been described to elevate GIP levels in humans by twofold or greater.^[@B86]^ Such an elevation in humans would be in line with the 2.2-fold rise in plasma GIP levels evident in our rat mTBI study and could be further augmented by continuous subcutaneous administration of exogenous GIP, as has been achieved in human studies with GLP-1 over an extended period.^[@B87]^ Notably, administration of exogenous incretins does not appear to suppress their endogenous release,^[@B88]^ thereby providing our studies translational potential.

Neurodegenerative diseases are a well-established risk factor after TBI,^[@B89]^ and recent large epidemiological studies have identified mTBI as a risk factor for later development of dementia.^[@B42],[@B90]^ The pathogenesis of chronic neurodegenerative diseases may be triggered and/or accelerated by systemic inflammation.^[@B94]^ Indeed, after TBI, neuroinflammation occurs at acute and chronic stages after primary injury and is considered a key secondary injury mechanism that contributes to progressive neurodegeneration and both short- and long-term neurological deficits.^[@B95],[@B96],[@B98],[@B99]^

In line with this, earlier studies have demonstrated that long-term upregulation of inflammation occurs within the lesioned brain area in rats subjected to CCI TBI.^[@B100],[@B101]^ In the light of the reported anti-inflammatory and neuroprotective roles of agents that impact insulin pathways^[@B99],[@B102]^ as well as the anti-apoptotic, anti-inflammatory, and neuroprotective actions of incretins within the central nervous system (CNS),^[@B43],[@B44],[@B97]^ we evaluated the effects of GIP on neuroinflammatory markers as a mechanism underpinning its amelioration of CCI-induced cognitive and sensorimotor deficits in rats.

Our previous studies demonstrated that elevated BMX levels provide a useful indicator of TBI severity and is related to chronic inflammation.^[@B22]^ Administration of the higher dose of GIP mitigated the rise in BMX levels evident in our TBI rats and, notably, additionally ameliorated TBI induced elevations in GFAP and APP. The astrocyte marker, GFAP, is found exclusively within the CNS, particularly on reactive inflamed astrocytes ([Fig. 6](#f6){ref-type="fig"}), and its elevation is considered a specific marker of CNS damage.^[@B27]^ In contrast, elevated APP is considered a sensitive and specific marker of damaged axons and impaired synapses after TBI challenge,^[@B14],[@B26],[@B40]^ and associates with injury severity and post-TBI outcome.^[@B38],[@B39]^

An increasing number of studies have reported that early environmental induction of APP, as occurs with TBI^[@B46]^ or factors such as lead exposure, can trigger programmatic changes via alterations in gene expression or gene imprinting that may manifest as functional deficits, such as Alzheimer disease, later in life. Both neurons and activated astrocytes are sources of APP and Aβ, whose levels are both elevated by neuroinflammation and, additionally, drive neuroinflammation to potentially generate a self-propagating adverse cycle.^[@B103]^ In this regard, the action of GIP to mitigate neuroinflammatory markers and APP levels in brain after TBI can be considered beneficial.

The mechanism(s) underpinning the therapeutic effect of GIP in mTBI for cognitive impairments likely are multiple. In addition to anti-inflammatory actions, incretin activation of their G protein-coupled receptors leads to its interaction with the GTP-binding protein Gs, the activation of adenylyl cyclase and elevation of intracellular cAMP, and neurotrophic and protective actions that are chiefly mediated via protein kinase A (PKA) and PI3K signaling pathways.^[@B59],[@B61],[@B66]^

Kobori and associates^[@B104]^ suggested that TBI-induced working memory deficits may alter PKA activity in the medial prefrontal cortex. Titus and colleagues^[@B105]^ showed that synaptic plasticity dysfunction contributes to cognitive impairments by reducing cAMP levels after mTBI. Accordingly, down-regulation of the cAMP-PKA signaling pathway may play a key role in the impairment of short- and long-term memory after TBI. In the light of the central role that cAMP-PKA signaling plays in the anti-apoptotic actions of incretins,^[@B106]^ further studies are needed to validate the actions of GIP and its induced mechanisms to mitigate cognitive dysfunction as well as neurodegeneration after TBI.

In synopsis, we investigated the neuroprotective potency of GIP for protection against mTBI, focusing on neuroinflammation and neurodegeneration. Our results identified a mechanism for GIP as an mTBI therapy and suggest that GIP can reverse cognitive and motor impairments via the attenuation of mTBI-induced astrocytic activation, inflammation, and axonal injury. Previous findings suggest that GIP plays an important role in mediating synaptic plasticity and memory formation, while reducing cognitive deficits in various neurodegenerative diseases,^[@B107]^ and are in accord with our results.

Conclusion {#s025}
==========

This study demonstrates the efficacy of GIP in preventing sensorimotor and cognitive abnormalities in a rodent model of mTBI. GIP may ameliorate neuronal death and axonal injury after mTBI. Future pre-clinical studies are needed both to further identify GIP\'s mechanism of action and, importantly, to define its time-dependent therapeutic window of opportunity when administered after TBI. Such studies may lead to more effective drug therapies in humans.
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